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Oil palm tree residues are a rich biomass resource in Malaysia, and it is therefore very important that they 
be utilized for more beneficial purposes, particularly in the context of the development of biofuels. This 
paper described the possibility of utilizing oil palm tree residues as biofuels by producing bio-oil and 
bio-char via pyrolysis. The process was performed in a fixed-bed reactor at a temperature of 500 °C, a 
nitrogen flow rate of 2 L/min and a reaction time of 60 min. The physical and chemical properties of 
the products, which are important for biofuel testing, were then characterized. The results showed that 
the yields of the bio-oil and bio-char obtained from different residues varied within the ranges of 
16.58-43.50 wt% and 28.63-36.75 wt%, respectively. The variations in the yields resulted from differ¬ 
ences in the relative amounts of cellulose, hemicellulose, lignin, volatiles, fixed carbon, and ash in the 
samples. The energy density of the bio-char was found to be higher than that of the bio-oil. The highest 
energy density of the bio-char was obtained from a palm leaf sample (23.32 MJ/kg), while that of the 
bio-oil was obtained from a frond sample (15.41 MJ/kg). 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Malaysia is a tropical and humid country located in the central 
part of Southeast Asia with a total landmass of 329,847 km 2 . 
Approximately 24% of the nation’s landmass is used by the agricul¬ 
tural sector, which means the land is categorized as arable, under 
permanent crops, and under permanent pastures [1]. Most of the 
land is planted with oil palm. The expansion of oil palm plantations 
has occurred each year over the last three decades at a real growth 
rate of 0.36% per year [2]. In 2010, it is estimated that approxi¬ 
mately 48,537 km 2 (4,853,766 ha), or 14.72% of the total landmass, 
was used for oil palm plantations 12], with approximately 135-145 
trees planted per hectare [3]. Each of the trees produces approxi¬ 
mately 10% of palm oil, while the remaining 90% is biomass residue 
[4]. The different types of residues are produced by the mill and 
plantation activities. The palm kernel shells (PKS), mesocarp fibers 
(MF), and empty fruit bunches (EFB) are the main residues pro¬ 
duced during the milling process, while the fronds and trunks 
are the major residues obtained from the plantation during felling. 
The fronds are also obtained during harvesting and pruning. The 
sources and types of residues are shown in Table 1. The volume 
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and type of oil palm residues are expected to rapidly increase 
and will become a serious problem in the future. 

Currently, the residues of the oil palm are the main contributors 
to biomass waste in Malaysia, and these wastes require extra 
attention with respect to handling. A survey of the literature indi¬ 
cates that most of them are handled with unsatisfactory practices 
that negatively impact the environment. Most of the residues from 
the plantations are incinerated or dumped as organic fertilizer to 
decompose naturally, and only 40% of the trunks are used in ply¬ 
wood manufacturing [3]. In palm oil mills, the PKS, EFB, and MF 
residues are generally sent to the boiler to be burned as fuel for 
steam generation [5]. Although burning the residues as fuel 
reduces the diesel consumption, this approach is not an environ¬ 
mentally friendly approach because it produces smoke and dust 
emissions due to incomplete combustion. 

The abundant amount of biomass residue from oil palm can 
potentially be used as a renewable energy source through conver¬ 
sion into other energy products such as biofuel. The use of biomass 
in other forms of energy products is more beneficial than the direct 
burning of biomass because it releases many pollutants into the 
air. One potential technique for alleviating these environmental 
concerns is to convert oil palm residues into bio-oil and bio-char 
via pyrolysis. According to the literature, pyrolysis has been recom¬ 
mended as an environmentally friendly method because no wastes 
are produced during the process. Pyrolysis is the thermal decom¬ 
position of organic material at elevated temperatures in an inert 
environment, and the products of this process include bio-oil, 
bio-char, and syngas. 
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Table 1 

Sources and types of oil palm residues. 


Source of residue 

Type of 

Weight of the total 

Quantity per 


residue 

source (%) 

hectare 

(ton/ha) 

Fresh fruit bunch (from 

Palm 

5.5 

1.10 

palm oil mill) 

kernel 

shell 

Empty fruit 
bunch 

22 

4.42 


Mesocarp 

fiber 

13.5 

2.71 

Oil palm tree at felling 

Trunk 3 

70 

41.07 

(from plantation) 

Frond 

20.5 

16 


Leaf 

6.53 

7.69 


Other 

2.97 

19.44 

Oil palm tree at pruning 

Frond b 

27.03 

10.40 

(from plantation) 





a Palm trunks felled once every 25-30 years. 
b Consists of the leaf and measured in dry weight. 


Bio-oil is the main product from pyrolysis because it is typically 
obtained in higher yields than the other products. The oil is formed 
from vapor condensation 6], and for biomass pyrolysis, the vapors 
are generally released at a temperature of 400-500 °C [7,8]. The oil 
obtained from the condensation process is dark brown in color and 
free-flowing and also has a strong acrid smell. Some advantages of 
bio-oil include ease of storage and transportation and use in the 
production of renewable energy and chemical feedstocks. Accord¬ 
ing to Zheng, the energy density of bio-oil is four to five times high¬ 
er than that of the original precursor, which offers important 
logistical advantages [9]. For chemical applications, the oil can be 
used to produce useful chemicals by taking advantage of its most 
abundant functional groups, such as carbonyl, carboxyl, and phe¬ 
nolic groups, through reaction or separation techniques [10,11]. 

In addition to liquid fuel, the stored solar energy of biomass can 
be converted into solid and gaseous fuels with high calorific values 
through pyrolysis and used for industrial combustion purposes 

[12] . The produced bio-char can be used as a highly efficient fuel 
in boilers either alone or as a mixture with biomass. In our previ¬ 
ous study, we have shown that the bio-chars produced from the 
pyrolysis of palm oil wastes have high heating values of approxi¬ 
mately 20-30 MJ/kg, which is comparable to those of some coals 

[13] . This value-added product is beneficial for soil amendment 
and prevents water contamination and soil erosion. Due to the high 
adsorption capacity of bio-char, it can adsorb moisture and nutri¬ 
ents and slowly release them to soil [14,15]. Bio-char can be used 
as a stable, renewable and inexpensive catalyst for biogas reform¬ 
ing and the conversion of greenhouse gases (C0 2 and CH 4 ) to value- 
added products [16-18]. Another application of bio-char is its use 
as an adsorbent in water treatment to remove heavy metals such 
as lead, cadmium, arsenic and chromium [19,20]. 

In the present work, the oil palm residues were characterized 
and then pyrolyzed in a fixed-bed reactor. The scope of this paper 
is limited only to residues from plantation activities, while the res¬ 
idues from mill activities were discussed previously [13]. All of the 
experiments were conducted at the same pyrolysis conditions to 
obtain the yields of bio-oil and bio-char. Furthermore, the chemical 
and physical properties of the products were characterized using 
several laboratory techniques. 

2. Materials and methods 

2.2. Raw materials 

The oil palm wastes were obtained from Sime Darby Plantation 
in Selangor Dahrul Ehsan, Malaysia. The waste was separated into 



Fig. 1 . The residues generated from oil palm trees. 


four samples categorized as trunk, frond, palm leaf, and palm leaf 
rib. Fig. 1 shows the wastes generated from oil palm trees. The 
samples were initially treated by washing and subsequent drying 
in the sun for 1 day. The dried samples were ground and screened 
to obtain particle sizes that ranged from 1.0 to 2.0 mm. Prior to use 
in the experiments, the samples were dried again in an oven at 
105 °C for 24 h to remove the moisture. 

2.2. Pyrolysis experiments 

Approximately 200 g of the sample was placed in a stainless steel 
reactor with a length of 127 cm and an internal diameter of 2.5 cm. 
The fixed-bed reactor was selected in this study because it is rela¬ 
tively inexpensive, simple, and reliable [21]. An electric furnace 
was used to heat the reactor, and the temperature was monitored 
using a K-type thermocouple placed inside the reactor. A detailed 
design of the pyrolysis apparatus is shown schematically in Fig. 2. 
Nitrogen gas (N 2 ) was used as an inert gas to purge air from inside 
the reactor. Moreover, N 2 was also employed to sweep the vapor 
products from the reactor into the condensation traps. The purging 
with N 2 was performed throughout the entire procedure. The con¬ 
densable products, specifically the bio-oils, were collected in a series 
of condensers and stored at 0.5 °C. They were subsequently weighed 
to obtain the mass of bio-oil. The bio-char was collected from the in¬ 
side of the reactor and weighed. The final yields of bio-oil and bio¬ 
char were calculated using the following equation: 

Vop = 77 1 x 100% (1) 

where Y 0P is the product yield, Xi is the mass of the desired product, 
and X 2 is the initial mass of the raw material. The gas yield was 
determined by difference: gas yield = 100 - (bio-oil yield + bio-char 
yield). 

In this study, the same parameters were employed for all of the 
experiments. Pyrolysis parameters were selected according to the 
literature studies [7,22] and the results from our previous study 
[23 . The experiments were conducted using a pyrolysis tempera¬ 
ture of 500 °C, a particle size of 1-2 mm, a reaction time of 60 min, 
and an N 2 flow rate of 2 L/min. The heating rate was 10 °C/min. To 
validate the experimental data, each experiment was repeated 
with 3-5 replicates, and the average result was used as the final 
yield. The reactor, condenser, and piping system were sterilized be¬ 
tween each set of experiments to avoid contamination of the 
samples. 
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Fig. 2. Schematic diagram of experimental setup. 


2.3. Characterization 

Prior to characterization, all feedstock were dried in an oven at a 
temperature of 105 °C for 24 h. The pyrolysis products from the 
experiments were collected in three different groups, bio-oil, bio¬ 
char, and syngas. Bio-oil and bio-char were collected and weighted 
directly after the production process and the amount of non¬ 
condensable gases were calculated by mass balance in the system. 
Before analysis, the bio-oil was separated into two fractions by a 
centrifugation process based on a procedure developed by Bertero 
et al. [24]. The process entailed centrifugation at 3200 rpm for 
8 min, and the fractions after centrifugation are referred to as 
upper-layer bio-oil and bottom-layer bio-oil. In addition, in order 
to reduce the margin of error and to produce more reliable data, 
the analysis of each product from all experiments was repeated 
three times, and the results were averaged. 


2.3A. Physical characterization 

The viscosity of the bio-oil was determined using a rotational 
viscometer equipped with an SC4-18 spindle (Brookfield Viscome¬ 
ter made in USA, model DV-II+Pro EXTRA). The measurement, 
which required approximately 7 mL of the sample, was taken at 
50 °C. A 25 mL pycnometer was used to determine the density of 
the bio-oil. The measurement was performed by carefully filling 
the pycnometer with the oil and then measuring the mass. The 
density was determined by dividing the mass of the bio-oil by 
the empty volume of the pycnometer. The analysis was conducted 
at 24 °C. Scanning electron microscopy (SEM) experiments were 
conducted to study the physical morphology of the surfaces. A 
JSM-6390LV (JEOL, Japan) operating at a 3 kV accelerating voltage 
was used to characterize the morphology of the precursor and 
the bio-chars, which were dried overnight at approximately 


105 °C under vacuum before SEM analysis. No conductive coating 
was applied to prepare the samples for SEM. 

2.3.2. Chemical characterization 

A Metrohm 827 pH meter (Switzerland) was used to analyze the 
pH of the bio-oils, and the measurements were performed at room 
temperature. The water content of the bio-oil was measured using 
a Karl Fischer 737 KF coulometer from Metrohm. Approximately 
80 mL of Hydranal-Coulomat AG was used as the anolyte reagent, 
and 5 mL of Hydranal-Coulomat CG was used as the catholyte 
reagent. Approximately 2-6 mg of the pyrolytic liquid was injected 
through a titration cell into a flask. 

The proximate analysis of both the precursors and the products 
were conducted according to ASTM D 7582-10 using thermal gravi¬ 
metric analysis (TGA), and the results were expressed in terms of 
moisture, volatile matter, fixed-carbon and ash contents. The ulti¬ 
mate analysis was performed using a Model 2400 Series II CHNO/S 
analyzer (Perkin-Elmer, USA) to determine the C, H, and N contents. 
A CHN combustion tube and reduction tube were used for this 
measurement. As reported in the literature [23,25], oil palm wastes 
have very low sulfur content (around 0.1 wt%), thus, the value of it 
was not determined in this study. The oxygen content was 
determined by difference as following: O = 100 - (C + H + N). The 
lignocellulosic contents of oil palm residues were determined using 
a method developed by Omar et al. [26]. In this method, three differ¬ 
ent analyses, namely acid detergent fiber (ADF), neutral detergent 
fiber (NDF), and acid detergent lignin (ADL), were performed. The fi¬ 
nal ADF, NDF, and ADL values were then used to calculate the per¬ 
centage of cellulose, hemicellulose and lignin using the following 
equations [26]: 

Cellulose(%) = ADF - ADL (2) 

Hemicellulose(%) = NDF - ADF (3) 
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Lignin(%) = ADL (4) 

The data obtained from the ultimate analysis were also used to 
calculate the high heating value (HHV). Eq. (5) was used to calcu¬ 
late the HHV because the oxygen content in the precursors and the 
products was found to be greater than 15% [27]. 

HHV (MJ/kg) = 0.336 C + 1.418 H - (0.153 

-0.000720 0)0 + 0.0941 S (5) 

To analyze the functional group compositions of the raw mate¬ 
rials, bio-oils, and bio-chars, a FTIR spectrometer (Spectrum 400, 
Perkin-Elmer, USA) was used to collect the infrared (IR) spectra 
of the samples. The samples were scanned over the range from 
400 to 4000 cm -1 with a resolution of 4 cm -1 . For the FTIR analysis, 
the raw materials and bio-chars were prepared using the following 
method. The sample (0.1 g) was mixed with 1 g of spectroscopy 
grade KBr in a porcelain mortar. The mixed sample was converted 
into a solid disk, which was placed in an oven at 105 °C for 4 h to 
avoid any interference with any existing water vapor or carbon 
dioxide molecules. A solid disk of pure KBr was used as a reference 
sample for background measurements. 

3. Results and discussion 

3.1. Characterization of the feedstock 

The major components of the residues include cellulose, hemi- 
cellulose, and lignin; therefore, the thermal effect of the decompo¬ 
sition of these components plays an important role in the pyrolysis 
process to produce bio-oil and bio-char. Table 2 shows the ligno- 
cellulosic contents of the trunk, frond, palm leaf, and palm leaf 
rib, which were analyzed using the ADF, NDF, and ADL approaches. 
The three components decomposed at different rates and within 
distinct temperature ranges during the pyrolysis. According to 
Ishak et al. [28], hemicellulose decomposes first, and the decompo¬ 
sition of cellulose and then lignin follows. These phases were iden¬ 
tified as the temperature increased during the pyrolysis. The 
hemicellulose usually starts to decompose near 220 °C, and the 
process is mostly complete by the time the temperature reaches 
315 °C [29]. When hemicellulose had completely decomposed, cel¬ 
lulose then undergoes decomposition, which normally starts at a 
temperature of 315 °C and is completed at 400 °C. This tempera - 


Table 2 

The lignocellulosic contents of oil palm tree residues. 


Type of oil 

palm 

wastes 

ADF 

NDF 

ADL 

Cellulose 

(%) 

Hemicellulose 

(%) 

Lignin 

(%) 

Trunk 

70.33 

94.27 

35.89 

34.44 

23.94 

35.89 

Frond 

72.03 

95.21 

21.7 

50.33 

23.18 

21.7 

Palm leaf 

58.49 

81.46 

26 

32.49 

22.97 

26 

Palm leaf 

75.41 

98.58 

29.31 

46.1 

23.17 

29.31 

rib 








ture range can also be assigned to the second phase of the lignocel¬ 
lulosic decomposition. In this study, the frond had the highest 
cellulose content, while the trunk had the highest hemicellulose 
content. Both the cellulose and hemicellulose contributed signifi¬ 
cantly to the bio-oil yield [30]. 

The thermal behavior of lignin was found to be considerably dif¬ 
ferent than that of hemicellulose or cellulose. Naturally, lignin has 
a more complex chemical composition; therefore, high-tempera- 
ture conditions are necessary to decompose the lignin. The decom¬ 
position of lignin occurred slowly, starting at ambient temperature 
and proceeding up to a temperature of 900 °C 29]. In agreement 
with the literature, the lignin is responsible for the major portion 
of the bio-char product [30,31]. According to the results listed in 
Table 2, the trunk material had the highest lignin content in this 
study. 

The proximate and ultimate analysis results for the different 
residues of oil palm waste are presented in Table 3. In this study, 
the proximate analysis has been used to quantify the relative pro¬ 
portions of moisture, volatiles, fixed carbon and ash in all the res¬ 
idues. The moisture content, which can be easily removed by 
drying the residue at a temperature of 105 °C overnight in an oven, 
was observed to be the highest for the frond residue. The percent¬ 
age of volatile matter was found to be high for the frond and trunk, 
while the palm leaf and palm leaf rib were observed to have lower 
amounts. In contrast to the results for the volatile matter, the trunk 
and frond contained lower amounts of fixed carbon, 4.97 wt% and 
3.22 wt%, respectively, than the palm leaf (11.92wt%) and palm 
leaf rib (11.79 wt%). During pyrolysis, the presence of volatiles fa¬ 
vors the production of a large amount of bio-oil. According to Omar 
et al. [26], the high volatiles content results in high volatility and 
reactivity, which are favorable for liquid fuel production. The tem¬ 
perature and heating rate significantly affected the volatile matter 
yield [32]. In addition, ash also plays an important role in deter¬ 
mining the proportions of the products of biomass pyrolysis. An in¬ 
crease in the ash content contributes to a decrease in the bio-oil 
yield, and as consequence, the bio-char and non-condensable gases 
are produced in higher yields [33]. The effect of ash was clearly ob¬ 
served for the palm leaf, which had higher product yields of bio¬ 
char and non-condensable gases than that of bio-oil. 

As listed in Table 3, the results from the ultimate analysis 
showed that all the materials contain similar amounts of C, H, N, 
and O. The C, H, N, and O contents of the oil palm residues varied 
as follows: carbon 40.40-43.76 wt%, hydrogen 5.58-6.30 wt%, 
nitrogen 0.38-1.94 wt%, and oxygen 49.57-52.09 wt%. The oxygen 
content was found to be higher than the C, H, and N contents of the 
oil palm residues, and the palm leaf has been confirmed to have the 
highest oxygen content of all the materials. 

The infrared spectra of the raw materials are presented in Fig. 3. 
Various bands in the spectra were identified, including (1) O—H 
stretching vibrations at 3600-3100, 1333, and 1108 cm -1 and 
O—H bending at 1440-1400 cm -1 from acid and methanol com¬ 
pounds; (2) aromatic CH n vibrations at 2970-2860, 1402, and 
900-700 cm -1 ; (3) C=0 stretching at 1730-1700 and 1560- 
1510 cm -1 , C—O stretching at 1279-1060 cm -1 , aryl-alkyl ether 


Table 3 

Proximate and ultimate analyses of oil palm tree residues. 


Type of palm oil wastes 

Proximate analysis (wt%) 



Ultimate analysis (wt%) 



Moisture 

Volatiles 

Fixed carbon 

Ash 

C 

H 

N 

O a 

Trunk 

7.16 

82.60 

4.97 

5.27 

42.72 

5.61 

0.44 

51.24 

Frond 

13.84 

82.70 

3.22 

0.24 

42.76 

5.99 

0.39 

50.88 

Palm leaf 

9.00 

66.76 

11.92 

12.32 

40.40 

5.58 

1.94 

52.09 

Palm leaf rib 

8.01 

75.94 

11.79 

4.26 

43.76 

6.30 

0.38 

49.57 


By difference. 
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Wavenumber (cm 1 ) 

Fig. 3. FTIR spectra of oil palm residues. 

linkage (1232 cm -1 ) and pyranose ring skeletal C—O—C stretching 
(1170 and 1082 cm -1 ); (4) benzene stretching of the ring C=C at 
4632 cm -1 and aromatic C=C at 1613 and 1450 cm -1 ; and (5) 
other groups such as C—O stretching at 1060 cm -1 and C—C 
stretching at 700-400 cm -1 [7,26,29]. The spectra of all the bio¬ 
masses have similar shapes and intensities, although there are 
some small differences in their spectra. Just as for palm oil wastes, 
these biomasses also exhibit a significant IR absorbance at 
1060 cm -1 , which might result from the presence of ethanol in 
their structures [13]. 


3.2. Bio-oil 
32A. Bio-oil yield 

The results for the pyrolysis products listed in Table 4 show that 
the non-condensable gases are found in higher quantities than the 
bio-oils in the palm leaf and palm leaf rib. The lower oil yield is due 
to high ash content in the raw materials as shown in Table 3. The 
same trend also can be observed in the work published by Fahmi 
et al. [34]. They recognized that the presence of ash (alkali metals) 
decreases the yield of organic liquids and tends to increase char 
and gas yields. Moreover, the volatile matter also significantly af¬ 
fects the proportion of the bio-oil product. Asadullah et al. [35] 
noted that the volatile matter is usually converted to bio-oil upon 
condensation. Thus, it can be assumed that the smaller amount of 
volatile matter found in the palm leaf and palm leaf rib is respon¬ 
sible for the decrease in the amount of bio-oils. The smallest 
amount of bio-oil obtained was approximately 16.58 wt% for the 


Table 4 

Product distributions from the pyrolysis of oil palm tree residues at a temperature of 
500 °C, particle size of 1-2 mm, reaction time of 60 min, and N 2 flow rate of 2 L/min. 


Type of oil palm wastes 

Pyrolysis products (wt%) 

Bio-oil 

Bio-char 

Non-condensable gases 3 

Trunk 

40.87 

33.60 

25.53 

Frond 

43.50 

30.24 

26.26 

Palm leaf 

16.58 

36.75 

46.67 

Palm leaf rib 

29.02 

28.63 

42.35 


a By difference. 


palm leaf, which was composed of 66.76 wt% volatile matter and 
12.32 wt% ash content. 

The lignocellulosic nature of biomass is an important factor that 
affects the bio-oil yield. As shown in Table 4, a high oil yield was 
only observed for the trunk (40.87 wt%) and frond (43.50 wt%) 
samples. The higher bio-oil yield might be due to the fact that both 
samples have high cellulose and hemicellulose contents. Cellulose 
and hemicellulose promote the production of bio-oil because they 
are highly volatile. According to Qu et al. [36], cellulose is more 
volatile than hemicellulose. Therefore, the material with the larg¬ 
est amount of cellulose should have the most volatile matter, lead¬ 
ing to an increase in the oil yield. In this study, the frond had the 
most cellulose (50.33%). The frond material also produced the most 
oil and had the largest amount of volatile matter (43.50 wt% and 
82.70 wt%, respectively). The same tendencies were found by Mul¬ 
len et al. for the fast pyrolysis of two corn residues, corn cobs, and 
corn stover [15]. Their research concluded that the highest bio-oil 
yield was observed for corn stover material, which has the highest 
cellulose content. In addition, the amount of the bottom-layer oil 
obtained from the centrifugation process was similar for all the 
samples and was in the range of 3-8 wt% of the total oil. 

The result from our previous study [13 showed that the yields 
of bio-oils obtained were approximately 47.43 wt%, 45.75 wt%, and 
43.87 wt% for palm shell, empty fruit bunches, and mesocarp fiber, 
respectively. Therefore, it can be concluded that the yields of bio¬ 
oils from the residues of palm oil mill activities is more attractive 
than those of residues from plantation activities. 

3.2.2. Characterization of the bio-oils 

The bio-oil properties are summarized in Table 5. From Table 5, 
it can be observed that the measured water contents were high, 
ranging from 52 to 66 wt%, for all bio-oils. This result is consistent 
with the results reported by Bertero et al. [24]. In their research, 
sawdust pine, mesquite trees, and wheat shell were pyrolyzed at 
a temperature of 550 °C for 60 min, and the water contents were 
determined to be within the range of 49.60-84.40 wt%. Wasterhof 
et al. [37] have studied how to control the water content of bio¬ 
mass fast-pyrolysis oil, and they have concluded that drying the 
feedstock to obtain very low moisture levels (approaching zero) 
leads to a decrease in the water content. On the other hand, Gar- 
cia-Perez et al. 38] stated that the biomass particle size has a sig¬ 
nificant effect on the water content of bio-oil. Generally, a smaller 
particle size increases the water content. While a high water con- 


Table 5 

Properties of bio-oiis produced via the pyrolysis of oil palm tree residues. 


Type of bio¬ 
oil 

Properties 




Water content 

(wt%) 

Viscosity at 50 °C 
(CP) 

Density (kg/ 

m 3 ) 

pH 

Trunk 

52 

1.99 

1053 

3.1 

Frond 

53 

1.88 

1045 

2.1 

Palm leaf 

59 

1.75 

1040 

3.8 

Palm leaf rib 

66 

1.23 

1034 

4.6 
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tent decreases the viscosity of bio-oil, which is helpful for pumping 
purposes, water is an undesirable component of bio-oil because it 
can be detrimental for the ignition performance. 

The viscosities of the bio-oils were found to range from 1.23 to 
1.99 cP at 50 °C. In this study, the viscosity exhibited a negative 
linear relationship with the water content. As shown in Table 5, 
an increase in the water content reduces the oil viscosity. These 
results are in agreement with the work of Nolte et al. [39], which 
investigated the viscosity of biomass pyrolysis oils from various 
feedstocks. Furthermore, the viscosity of oil can increase during 
the storage time. According to Diebold and Czernik [40], the viscos¬ 
ity of an oil increases because of the polymerization of the reactive 
species, and as consequence, it might become unstable and sepa¬ 
rate into two phases (a viscous bottom portion and a fluid aqueous 
upper portion) [41 ]. 

The presence of water in bio-oil also affects the density. Typi¬ 
cally, a high water content leads to a decrease in the bio-oil density 
[42 . This trend is clearly observed in this study where the oil pro¬ 
duced from palm leaf rib has the highest water content and the 
lowest density compared to the other bio-oil samples. Several 
researchers have supported this finding with studies using various 
biomass pyrolysis process conditions. Salehi et al. [43 found that 
the density of bio-oil obtained from the pyrolysis of sawdust in a 
fixed-bed system is 1050 kg/m 3 at a water content of 39%. Lu 
et al. [44] studied the chemical and physical properties of bio-oil 
produced via the fast pyrolysis of rice husk, and they measured 
an oil density of 1140 kg/m 3 at 28% water content. Zheng et al. 
[45] obtained an oil density of 1160 kg/m 3 at a water content of 
24.2%. The oil was produced from the fast pyrolysis of cotton stalk 
at a temperature of 510 °C in a fluidized bed reactor. 

The pH values for all bio-oils obtained from the pyrolysis of oil 
palm residues were in the range of 2.1-4.6. In general, the low pH 
is due to the high concentration of acidic compounds in bio-oil. 
According to Sinag et al. [46], a high concentration of acidic com- 



Fig. 4a. FTIR spectra of bio-oils. 


pounds might result from the degradation of hemicellulose and lig¬ 
nin during pyrolysis. The low pH makes the oil highly unstable and 
corrosive. Therefore, careful material selection is needed in the de¬ 
sign of storage and piping systems. 

Fig. 4a shows the bio-oil spectra from the FTIR analysis. The re¬ 
sults showed that all the bio-oils have similar types of chemical 
bonds (functional groups). The strong absorption peaks observed 
between 3200 and 3600 cm -1 indicate that phenols and alcohols 
are present. On the other hand, the peaks are also considered to re¬ 
sult from the presence of water impurities [47]. This finding is con¬ 
sistent with the results in Table 5, namely that the water content of 
the bio-oils was found to be large in this study. The absorption 
peaks in the range of 1650-1750 cm -1 , which are related to C=0 
stretching, indicate the presence of ketones, carboxylic acids, and 
aldehydes. However, only the oil produced from palm leaf rib does 
not exhibit obvious peaks in this range. The —C—H bending vibra¬ 
tions between 1350 cm -1 and 1480 cm -1 , which indicate the pres¬ 
ence of alkanes, were observed for all of the bio-oils. Moreover, the 
acid compounds are represented by the C—O stretching peaks 
observed between 1210 cm -1 and 1320 cm -1 . From Fig. 4a, it can 
be seen that the oils from the trunk, frond, and palm leaf exhibited 
stronger peaks, indicating that they are more acidic than the oil 
produced from the palm leaf rib. This finding is in good agreement 
with the pH analysis results listed in Table 5. The C—O stretching 
vibrations in the range of 970-1150 cm -1 were assigned to alcohol 
and phenolic groups. The peaks in the range of 600-700 cm -1 
showed that alkynes, which are represented by the C—H bending 
vibration, were present. 

Table 6 presents the ultimate analysis results for the upper- 
layer bio-oils. The results showed that more than 70% of the oxy¬ 
gen was detected in the upper layer of the bio-oils. The high level 
of oxygen is generally found in bio-oils produced from the pyroly¬ 
sis of biomass. Several authors have reported the oxygen content in 
varying types of biomass to range from 35 to 60 wt% [11,48,49]. 
However, the oils produced in this work have a higher oxygen con¬ 
tent than has been previously reported in the literature. In this 
case, additional ultimate analyses were performed on the bot¬ 
tom-layer products in order to further investigate the behavior of 
the oxygen content. As shown in Table 6, the bottom-layer bio¬ 
oil products have less oxygen than the upper-layer products. The 
bottom-layer product of the palm leaf rib residue has the highest 
oxygen content of 49.16 wt%. In contrast to the upper-layer prod¬ 
ucts, a high carbon content was measured for all bottom-layer 


Table 6 

Ultimate analysis and HHV results. 


Type of product 

Type of oil palm residue 




Trunk 

Frond 

Palm leaf 

Palm leaf rib 

Bio-oil (upper layer) 

C (wt%) 

16.88 

17.93 

15.16 

10.34 

H (wt%) 

11.64 

11.69 

11.70 

9.60 

N (wt%) 

0.64 

0.33 

0.65 

1.64 

O a (wt%) 

70.85 

70.07 

72.48 

78.42 

HHV (MJ/kg) 

14.94 

15.41 

14.38 

9.52 

Bio-oil (bottom layer) 

C (wt%) 

50.56 

54.57 

55.54 

39.66 

H (wt%) 

9.82 

9.03 

7.69 

7.13 

N (wt%) 

1.07 

0.63 

3.60 

4.06 

O a (wt%) 

38.56 

35.77 

33.17 

49.16 

HHV (MJ/kg) 

24.31 

25.03 

23.90 

14.83 

Bio-char 

C (wt%) 

63.68 

65.33 

71.79 

49.60 

H (wt%) 

2.28 

2.56 

2.41 

2.14 

N (wt%) 

0.63 

0.75 

1.27 

2.74 

O a (wt%) 

33.43 

31.37 

24.54 

45.53 

HHV (MJ/kg) 

18.79 

20.12 

23.32 

11.64 


a By difference. 
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products. A similar trend was also observed in the study conducted 
by Chen et al. [50], where they found that the bottom-layer bio-oil 
has high carbon and low oxygen contents, while the opposite was 
observed for the upper layer. This finding is supported by Samanya 
et al. 51 ], who noted that the upper layer contained lighter organic 
fractions, while the bottom layer contained tar fractions originat¬ 
ing from wood. Of the four elements studied in the ultimate anal¬ 
ysis, nitrogen was detected in the smallest quantities in the upper 
and bottom layers of the bio-oil. 

The HHV of the bio-oil are listed in Table 6. The HHV of the 
upper-layer products, which were calculated using Eq. (5), were 
approximately 14.94 MJ/kg, 15.41 MJ/kg, 14.38 MJ/kg, and 
9.52 MJ/kg for the trunk, frond, palm leaf, and palm leaf rib, respec¬ 
tively. However, these values are much lower than those reported 
by Czernik and Bridgwater [11], who measured HHV of approxi¬ 
mately 16-19 MJ/kg. The high water and oxygen contents are 
mainly responsible for the low bio-oil HHV. Moreover, the results 
in Table 6 clearly showed that the HHV of the bottom-layer prod¬ 
ucts were higher than those of the upper-layer products. The dif¬ 
ferent carbon contents between the upper and bottom layers 
might explain the difference in the HHV listed in Table 6. Neverthe¬ 
less, the hydrogen content in the upper layer of the bio-oil was 
similar to that of heavy fuel oil reported in the literature [11]. 
Hydrogen is the most important component with respect to 
increasing the HHV because it has the highest heating value among 
known fuels and is typically measured to be approximately 
141 MJ/kg [52]. 

3.3. Bio-char 

3.3.1. Bio-char yields 

The product distributions from the biomass pyrolysis at 500C 
are shown in Table 4. The palm leaf had the highest bio-char prod¬ 
uct yield, followed by the trunk, frond and finally palm leaf rib. The 
different behavior of the hemicellulose, cellulose and lignin com¬ 
ponents at the pyrolysis temperature affects the product yields. 
Hemicellulose starts to decompose over a low temperature range 
of 220-315 °C [29]; therefore, most of it decomposes at the pyroly¬ 
sis conditions of this study. In addition, the hemicellulose content 
of all the precursors is similar (Table 2). Thus, the hemicellulose 
contents cannot be an important factor in the bio-char and non¬ 
condensable product yields. Lignin, which is composed of aromatic 
rings with various branches, decomposes over a wide range of low 
to very high temperatures with a very low mass loss rate 29]. 
Therefore, the samples with higher lignin content might have rel¬ 
atively higher bio-char yields 53], which is true in the case of 
the trunk sample. Although lignin content is an important param¬ 
eter, cellulose content can be considered to be the most significant 
factor in determining the bio-char yield. We observed this effect in 
our last study where the biomass sample with the highest cellulose 
content, the EFB sample, had a high bio-char yield [13]. Due to a 
faster mass loss rate of cellulose (6.5 wt%/°C) than of other compo¬ 
nents, almost all of it would decompose at the pyrolysis tempera¬ 
ture of this study. Therefore, the samples with high cellulose 
content will lose a large portion of their mass during pyrolysis, 
which might explain the lower bio-char yields of 30.24% and 
28.63% for the frond and palm leaf rib samples, respectively, 
although they had the highest cellulose contents (46.1% for the 
frond and 50.33% for the palm leaf rib). 

On the other hand, the palm leaf and trunk had very high car¬ 
bon-based and volatile matter contents, respectively, in the precur¬ 
sor and bio-char samples (Table 3 and Fig. 5). The very high 
amount of fixed carbon in the palm leaf samples (raw material 
and bio-char) can explain the high bio-char yield. In the case of 
the trunk-based bio-char, which was the second highest yield, 
the low decomposition of the volatile content during the pyrolysis 


process in addition to a high lignin content can contribute to its 
high yield. 

The sweeping gas removes the products of secondary reactions, 
such as thermal cracking, repolymerization, and recondensation, 
from the hot zone [54 . The part of this pyrolysis vapor that is con¬ 
densed in the cooling apparatus is called bio-oil, and the other part 
is a non-condensable gas mixture that contains CO, C0 2 , H 2 , and 
CH 4 . The gas product yields of the oil palm wastes are listed in Ta¬ 
ble 4. The palm leaf and palm leaf rib had the highest product 
yields of 46.7% and 42.3%, respectively. It was reported in the liter¬ 
ature that a high gas yield can be attributed to a high hemicellulose 
content in the precursor [13,55]. However, the hemicellulose con¬ 
tent of the precursors are similar in this study. As shown by the 
proximate analysis results for the produced bio-chars in Fig. 5, 
the bio-chars with fewer volatile residuals have higher non-con- 
densable gas product yields. Both the palm leaf and palm leaf rib 
had the lowest volatiles content of 28.7% in the produced bio-chars 
and the highest non-condensable gas product yields. Conversely, 
the samples with high volatile matter content in their bio-char 
(trunk) had the lowest non-condensable gas product yields. Thus, 
it can be concluded that the samples with the highest decomposi¬ 
tion of volatile matter have higher gas product yields. 

3.3.2. Characterization of bio-chars 

The FTIR spectra of the trunk, frond, palm leaf and leaf rib bio¬ 
chars are shown in Fig. 4b. Compared to the infrared spectra of the 
raw biomasses in Section 3.1, the spectra of these carbonaceous 
materials show that different oxygen-containing surface groups 
(C=0, C—O, —OH) and other groups (olefins, — CH 2 , — CH 3 , aromatic 
rings) are present. The O—H stretching vibrations at 3600- 
3100 cm -1 in the FTIR spectra of the produced bio-chars were 
nearly absent after the carbonization process, probably due to 



Wavenumber (cm 1 ) 

Fig. 4b. FTIR spectra of bio-chars. 
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Fig. 5. Mass loss behavior of the produced bio-chars over time under nitrogen and 
then oxygen heating. 


the dehydration of the biomass together with the release of a large 
amount of water [7]. A decrease in the intensity of the alkene 
(C—H) group vibrations in all three biomasses could be explained 
by the breaking of the weak alkyl C—H bonds, which would in¬ 
crease the CH 4 and C 2 hydrocarbon content in the gas products. 
However, in the case of the trunk-based bio-chars, a small IR 
absorption peak that is consistent with the proximate analysis data 
in Table 3 showing that the trunk samples contain a high level of 
volatiles after carbonization is observed. The next band in the spec¬ 
tra of the raw materials occurring at 2860-2970 cm -1 , which can 
be assigned to the CH alkyl functional groups, were also absent 
in the spectra of the biomass chars. The CH aromatic bands at 
877.04-779.19 cm -1 were also weaker due to the deformation of 
the adjacent H. In addition, the intensity of the carboxyl group 
band at 1718.83 cm -1 decreased in all the bio-char samples, possi¬ 
bly due to the degradation of the cellulose components during 
pyrolysis. 



Fig. 6. SEM photographs of (a) trunk, (b) trunk bio-char, (c) frond, (d) frond bio-char, (e) leaf, (f) leaf bio-char, (g) rib, and (h) rib bio-char. 
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On the other hand, the FTIR spectral data indicate that the IR 
peaks of the produced chars at 2313-2330 cm -1 (C=C) and 
1586-1571.62 cm -1 (aromatic C=C) increased in intensity relative 
to those of the raw biomasses after the carbonization process. The 
cracking of volatiles (decrease in the OH and CH alkyl peaks) and 
the conversion of the aliphatic compounds into aromatic com¬ 
pounds in the char structure can explain these bands. 

The proximate analysis of the produced bio-chars was per¬ 
formed according to ASTMD7582-10, and the results are summa¬ 
rized in Fig. 5. The moisture, volatiles, fixed-carbon and ash 
contents can be derived from the mass losses of the carboneous 
samples over the process time shown in Fig. 5. It can be seen that 
all the samples undergo three main mass losses. The first occurs 
during heating from room temperature to 110 °C under a nitrogen 
atmosphere, which leads to complete dehydration and thus allows 
for the determination of the moisture content (up to 2300 s). Then 
the temperature is increased rapidly to 950 °C to determine the 
amount of volatile matter by measuring the mass loss after dehy¬ 
dration (between 2300 and 4700 s). Finally, the temperature was 
decreased to 650 °C, and the atmosphere was changed to oxygen 
gas to measure the mass loss during the oxidation stage, which 
corresponds to the carbon content (rapid decrease in the mass of 
all the samples). Ash constituted the mass remaining at the end 
of the analysis. Based on this figure, the trunk-based char has the 
highest volatile content, followed by the frond, palm leaf and rib 
samples. However, the last two had similar volatile matter con¬ 
tents. Thus, it can be concluded that a higher carbonization tem¬ 
perature is needed in the case of the trunk-based bio-char to 
improve the devolatilization. The leaf char sample had the highest 
fixed-carbon content, which was similar to that of the frond-based 
sample, while the rib and trunk samples had much lower fixed-car¬ 
bon contents. The ash content of all the samples is similarly low 
except in the case of the rib sample, which contained a very high 
amount of ash after carbonization. 

The results of ultimate analysis of bio-char are listed in Table 6. 
The HHV of the produced bio-chars are also given in this table. Car¬ 
bon, as the main element in all of the produced bio-chars (49- 
72 wt%), is present in significantly greater amounts in the bio¬ 
chars than in the dried biomasses, except for the palm leaf sample, 
which had similar amounts of carbon and oxygen before and after 
pyrolysis (see Table 3). In comparison to the raw biomasses, the O 
and H contents decrease in all the bio-char samples due to dehy¬ 
dration and decarbonylation/decarboxylation reactions, which is 
consistent with the FTIR results (Fig. 4b). The largest decrease in 
the O and H contents is observed for the palm leaf sample, which 
was found to have the second highest devolatilization percentage 
(approximately 57%) in the proximate analysis. Although the palm 
leaf rib exhibited the highest devolatilization (approximately 62%) 
during pyrolysis, possibly due to its high ash content in the pro¬ 
duced bio-char, the amount of carbon and oxygen did not change 
considerably. The hydrogen content decreases in all the samples, 
probably due to the aromatization of the bio-char and evolution 
of H 2 as light molecular hydrocarbons (CH 4 and C 2 ) were formed 
during the pyrolysis process [29]. 

The HHV of the bio-char samples calculated using Eq. (5) is 
highly dependent on the hydrogen and carbon contents of the sam¬ 
ples. As long as all the bio-char samples have similar hydrogen 
contents (2-3%), the amount of carbon plays an important role in 
the determination of HHV. Thus, similarly to the carbon content, 
HHV also follows the order of palm leaf > frond > trunk > palm leaf 
rib. With the exception of the palm leaf rib sample with a low HHV, 
the other bio-char samples have HHV values comparable to those 
of some coals and are therefore acceptable for use as a renewable 
solid fuel [56,57]. The low level of nitrogen content in the bio-char 
samples also indicates that these samples produce low levels of 
NO* emissions during the combustion process. 


Fig. 6 presents the SEM pictures of the raw biomasses and their 
bio-chars obtained after pyrolysis. It is clear in all the images that 
the pyrolysis of the biomasses allows the evolved volatile com¬ 
pounds to escape from the inside of the raw materials. Conse¬ 
quently, more void space and higher porosity are detectable on 
the surface of the bio-chars, which have higher surface areas than 
the raw materials. The images of the bio-chars show the heteroge¬ 
neity of their surfaces with mesopores that can be useful in many 
liquid-solid adsorption processes [20]. As shown in Fig. 6, the pri¬ 
mary surface structures changed during the carbonization and dev¬ 
olatilization processes. Spherical structures on the surface of the 
trunk (Fig. 6a) were transformed into open cells after carbonization 
(Fig. 6b), while the amorphous structure of the frond (Fig. 6c) al¬ 
lowed for the formation of open channels after devolatilization 
(Fig. 6d). Partly open channels and larger pores in the palm leaf 
and palm leaf rib bio-chars (Fig. 6f and h) are also observed after 
pyrolysis of the amorphous raw biomasses (Fig. 6e and g). 

4. Conclusions 

All of the residues that came from oil palm plantation activities 
have been successfully pyrolyzed to produce bio-oil and bio-char 
using a reaction temperature of 500 °C, a nitrogen flow rate of 
2 L/min and a reaction time of 60 min. Different proportions of 
the products have been clearly observed in this study and are 
mainly caused by the different amounts of cellulose, hemicellulose, 
lignin, volatile matter, fixed carbon, and ash in the samples. The 
HHV of the upper layer of the bio-oils was found to range from 
9.52 to 15.41 MJ/kg, while the HHV of the bottom layer was higher 
(approximately 14.83-25.03 MJ/kg). However, further efforts to 
improve the quality of the bio-oil must be performed prior to its 
use as an alternative fuel. The improvement can be performed 
through the catalytic cracking or hydrodeoxygenation process. Fur¬ 
thermore, most of the bio-char samples have HHV that are compa¬ 
rable to those of some coals and are thus acceptable for use as a 
renewable solid fuel. They also have low levels of NO* emissions 
during the combustion process. In addition, the SEM images 
showed that the pyrolysis of the biomasses allows the evolved vol¬ 
atile compounds to escape from the inside of the raw materials and 
consequently increases the porosity of the surface of the produced 
bio-chars. 
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